protease, a region of unknown function, the polyproline region (PPR), the macro domain
Introduction
because of the limited number of sequences available. Because of the indels observed genotype 1 and rubivirus, suggesting further that avian HEV has a wider host range mean substitution rates as calculated in BEAST using a relaxed, uncorrelated lognormal clock for the nPPR are 1.6x10 -3 and 5.7x10 -4 for genotype 4 and rubivirus, respectively,
149
and for the PPR are 3.7x10 -3 and 1.1x10 -3 for genotype 4 and rubivirus, respectively.
These results indicate that the overall substitution rate is about twice higher in the PPR 151 than the nPPR. However, if the relative substitution rate by codon position is taken into 152 account, the estimated substitution rate for the third codon position is about the same in the PPR is not due to a difference in rate of mutation, but in higher promiscuity at the 156 first and second codon positions in the PPR.
157

Preponderance of Pro in PPR
158
Codon usage in the nPPR and the PPR shows there is also a difference in codon usage 159 between them (Table 2 ). The most frequently used codons in the PPR are used at 160 higher rates than in the nPPR. This is probably due to lower amino acid complexity in 161 the PPR (24). The difference is also seen with those codons used the least. PPR has 162 more codons that are not used than does the nPPR, and the frequency of occurrence is 163 lower for the least used codons in PPR (Table 2) . Another difference is the higher usage (Table 2 ). This pattern of (9, 10).
173
The distribution of nucleotides by codon position in the nPPR and PPR shows that 174 specific changes lead to the shift in codon usage. Table 3 shows that there is a 175 significant GC bias at codon positions 1 and 3 (p<0.07), but not at position 2 (p>0.5) of 176 the nPPR. However, in the PPR the GC bias is seen in positions 1 and 2 (p<0.001), but 177 not at position 3 (p>0.2). The nucleotide preference by codon position in the nPPR is G
178
at position 1, C at position 2 and a pyrimidine at position 3. In the PPR at position 1 this 179 preference is G in rubivirus and genotypes 1 and 4, but C in genotype 3 and avian HEV;
180
at position 2 for these viruses, the preference is for C; and at position 3, the preference 181 is for a pyrimidine except for rubivirus where it is for C. The greatest nucleotide bias is 182 seen in the second codon position of the PPR where C is preferred at significantly 183 higher levels than any of the other three bases (p<0.0001). A comparison of the second 184 codon position between the PPR and the nPPR shows that although C is the preferred 185 nucleotide, the nucleotide fraction of C is almost twice as large in the PPR, the other 186 three nucleotides exhibiting decreases of 18% to 69% except for G in avian HEV, which
187
shows almost no change. These differences indicate that although there is not much 188 change in nucleotide preferences at codon position 3 in the PPR, there is an increase in 189 the fractional content of C at positions 1 and 2, with the greatest shift in nucleotide 190 preference occupying position 2 thus leading to a preference for Pro in the PPR.
Transitions more common than transversions in both PPR and the nPPR
The estimated transition/transversion bias for these viruses ranges from 6. carboxyl end of the PPR is more susceptible to substitution.
223
Discussion
224
Because of the indels seen in the HEV PPR genotype 3 (Figure 2 ), it was assumed that 225 much of the hypervariability seen in the PPR is due to insertions and deletions (24). The 226 current study shows instead that much of the variability seen in the PPR is due to higher 227 rates of nucleotide substitution at the first and second codon positions in the PPR.
228
Although the PPR is hypervariable, this hypervariability is not due to a higher 229 substitution rate in the PPR as compared to the nPPR. The same substitution rate 230 appears to be operational in both regions (Table 1 ). The difference is that fewer 
242
Codon usage in the nPPR and the PPR shows there is a shift toward using C at the first 243 and second codon positions in the PPR (Table 2 ). This is due to a shift away from using
244
A and T at these positions, and a reduction in the use of G at the second codon position 245 (Table 3) . Although the usage of G at the first codon position does not change much,
246
the usage of C increases with the decreases in A and T (Table 3) . The shift at codon 247 position 2 is even more dramatic: from about equal usage of all nucleotides at the 248 second codon position in the nPPR to C occurring at > 50% of the second codon 249 positions in the PPR (Table 3 ). This in turn results in a shift toward high usages of Pro,
250
Ala, Ser and Thr in the PPR, so marked that the most frequently used codons in 251 genotypes 3 and 4 and avian HEV is Pro (Table 2 ). Even in genotype 1 and rubivirus,
252
>22% of all codons in this region are Pro codons ( Table 2) 
265
Evolution is more easily traced in the nPPR because of the tertiary structural constraints 266 required by the non-structural genes for them to function properly. By contrast, because 267 of the higher promiscuity toward substitutions and the lack of intrinsic structure or 268 active-site amino acids, it is much more difficult to trace evolution in the PPR alone.
269
However, an alignment of zoonotic HEVs shows that there is a similarity in shifting of the alignment implies a common ancestor (Figure 3 ).
277
The similarity of sequence ( Figure 3 ) and lower nucleotide diversity ( 1 and 2 are needed to better define the evolution of these genotypes and of the PPR in 291 mammalian HEVs.
292
The hypervariability seen in the HEV PPR appears to be due to increased rates of Numbers at the top of the table represent codon positions; conserved, the fraction of conserved nucleotides; S, number of segregating sites; π, nucleotide diversity; mean Hx, mean Shannon entropy and μ, relative mutation rate. 
